Activation of the death receptor CD95 by its ligand or by UV radiation is associated with receptor clustering. The mechanism underlying this clustering is mostly unclear. Here we show that although disruption of the actin cytoskeleton by cytochalasin B (CyB) itself induces moderate apoptosis, it enhances apoptosis in HeLa cells induced either by UV radiation or an agonistic anti-CD95 antibody. CyB augments UV-induced apoptosis independently of UV-mediated DNA damage, since induction of DNA repair by exogenous DNA repair enzymes did not alter its enhancing effect. Inhibition of caspase-8, the most upstream caspase in CD95 signaling, blocked the apoptotic effect of CyB and the enhancing effect on UV-and CD95-induced apoptosis. Confocal laser scanning microscopy revealed that (i) CyB induces CD95 clustering, (ii) enhances UV-induced CD95 clustering, and (iii) CD95 clusters colocalize with disrupted actin filaments, suggesting a link between receptor clustering and actin rearrangement. Disruption of CD95 signaling by a dominant negative mutant of the signaling protein FADD protected from CyB-induced apoptosis and prevented the UV-enhancing effect. Accordingly, both the apoptotic and the enhancing effect of CyB was reduced in epidermal cells obtained from CD95 deficient mice (lpr) when compared to wild-type mice. These data suggest that disruption of the cytoskeleton causes apoptosis via activation of CD95 and enhances UV-induced apoptosis, possibly via aiding receptor clustering.
Introduction
Apoptosis is a cell death process which can be induced by several stimuli, such as growth factor deprivation, ionizing radiation, UV radiation, other DNA-damaging agents, or by triggering specific cell surface receptors, the so-called death receptors. Death receptors belong to the tumor necrosis factor receptor gene superfamily, which is characterized by similar cysteine-rich extracellular domains. 1 Among the many death receptors described, CD95 (Fas/APO-1) appears to be the most important one. Engagement of CD95 by agonistic anti-CD95 antibodies or by the cognate ligand, CD95L, induces apoptosis. 1 The main death pathway initiated by activation of CD95 involves a series of death-associated molecules, including the Fas-associated death domain-containing protein (FADD), an adaptor protein that is recruited to the CD95 receptor upon its engagement. 2, 3 FADD then binds to and activates procaspase-8, 4, 5 which is the initial step of a proteolytic cascade triggering the activation of other downstream caspases such as caspases-3, -6, -7 and -9. 6 In contrast to CD95-induced cell death, apoptosis induced by UV radiation is a much more complex process, in which several different pathways are involved. 7 A major determinant whether a cell undergoes apoptosis following UV exposure is the severity of DNA damage induced by UV radiation. This conception is supported by the observation that the reduction of DNA damage following DNA repair is associated with a decrease of apoptotic cell death. 8 ± 11 Furthermore, the tumor suppressor gene p53, which is activated by DNA damage, is critically involved in UV-induced apoptosis, since mice lacking functional p53 reveal significantly fewer apoptotic keratinocytes in the epidermis following UV exposure in comparison to wild-type mice. 12 On the other hand, UV radiation was found to exhibit the capacity to directly activate CD95 without need of the ligand. 13, 14 This appears to be functionally relevant, since inhibition of caspase-8, the crucial upstream caspase in CD95 signaling, as well as overexpression of a dominant negative mutant for FADD was associated with a reduction of UV-induced apoptosis. 13 However, the mechanism by which UV radiation directly activates the CD95 receptor still remains to be determined.
When triggering CD95, UV radiation induces clustering of this death receptor 13, 14 which is also observed when CD95 is activated by CD95L or by agonistic antibodies. 13 Induction of receptor clustering by UV radiation is not specific for CD95, since Rosette and Karin initially demonstrated this phenomenon for other receptors including those for epidermal growth factor, interleukin-1 and tumor necrosis factor a, another death ligand related to CD95L. 15 Based on this observation, Rosette and Karin predicted that any receptor whose activation mechanism involves multimerization should be activatable by UV radiation. Induction of CD95 clustering by UV radiation appears to be functionally relevant since inhibition of receptor clustering, which can be achieved by keeping cells at low temperature (4 ± 108C) during UV exposure, is associated with a reduction of apoptotic cell death. 13, 14, 16 However, the mechanism by which UV radiation or the respective ligands induce receptor clustering still remains largely unclear.
Receptor clustering resembles a kind of polarizing phenomenon requiring asymmetric organization of the plasma membrane. 17 The capacity of a cell to polarize is directly linked to an interaction between the membrane and the cytoskeleton. 18 Accordingly, interactions between plasma membranes and the cytoskeleton play a crucial role in various cell functions 19 ± 21 and this may also apply for death receptor mediated apoptosis. 17 There is no doubt that apoptosis has dramatic effects on the cytoskeleton. Through cleavage of intermediate filament proteins, apoptosis alters the integrity of the cytoskeleton and thereby affects the overall cellular structure. 22 ± 24 On the other hand, disruption of the cytoskeleton by itself can induce or accelerate apoptosis. 25 ± 27 Although the detailed underlying mechanisms still remain to be determined, these observations challenged the current model that regards cytoskeletal alterations only as a consequence and not as a cause of apoptosis, suggesting that the cytoskeleton may not only be a target of the suicide mechanisms of apoptosis but also an initiator of programmed cell death. 26 In consideration of these findings, we were interested in studying the impact of the perturbation of the cytoskeleton on CD95 receptor clustering and on UV-induced apoptosis. Here we show that disruption of the actin cytoskeleton by cytochalasin B (CyB) itself induces moderate apoptosis, but considerably enhances both UV-and anti-CD95 antibody driven apoptosis in the epithelial cell line HeLa. Treatment of HeLa cells with CyB induces clustering of CD95. CD95 clusters colocalized with disrupted actin filaments. CD95 clustering mediated by CyB appears to be functionally relevant since the apoptotic effect induced by CyB was inhibited in cells overexpressing a dominant negative mutant of FADD. Taken together, these data suggest that disruption of the cytoskeleton causes apoptosis via activation of CD95, demonstrating that death receptors are not only triggered by external stimuli but also by signals originating from within the cell. Furthermore, cytoskeletal disruption enhances UV-induced apoptosis possibly by aiding death receptor clustering.
Results

Incubation of HeLa cells with cytochalasin B induces apoptosis and enhances UV-and CD95-induced apoptosis
Exposure of HeLa cells to 50 mg/ml CyB moderately induced apoptosis as determined by a cell death detection ELISA (Figure 1 ). Exposure of HeLa cells to 400 J/m 2 UV radiation or 1 mg/ml of an agonistic anti-CD95 antibody caused apoptosis to a much higher extent. Pre-exposure of HeLa cells to 50 mg/ ml CyB for 1 h enhanced both UV-and CD95-induced apoptosis. Similar observations were obtained when annexin V staining was used as a read-out system for apoptosis (data not shown).
As recently shown, UV-induced apoptosis is a much more complex process than CD95-mediated apoptosis, since several pathways are involved in UV-driven cell death. 7 UVinduced nuclear DNA damage and direct activation of death receptors, such as CD95, by UV radiation contribute independently to UV-mediated apoptosis. 8 Since CyB enhanced UV-induced cell death, we were interested in clarifying whether CyB enhances the membrane or the nuclear driven pathway of UV-mediated apoptosis. To address this issue, we utilized a system which enables rapid removal of DNA damage by induction of DNA repair via addition of the exogenous DNA repair enzyme photolyase encapsulated into liposomes which allow penetration into cells both in vitro and in vivo. 28 Photolyase binds to an UV-induced cyclobutane thymine dimer in DNA and catalyzes its splitting by electron transfer from absorbing wavelengths above 320 nm (photoreactivating light), a process called photoreactivation. 29 To determine first whether photoreactivation effectively reduces DNA damage, Southwestern dot±blot analysis using an antibody directed against cyclobutane thymine dimers was performed. No dimers were present in genomic DNA of untreated cells ( Figure 2B , dot 1). In contrast, dimers were detected in HeLa cells exposed to UV radiation (dot 2) but were significantly reduced when UV-irradiated cells were treated with the combination of photolyase plus photoreactivating light (dot 3). The addition of empty liposomes had no effect on the amount UV-induced DNA lesions (dot 4). Thus, these data indicate that photoreactivation effectively enhances DNA repair by removing cyclobutane thymine dimers in UV-exposed HeLa cells.
To determine the impact of photoreactivation on the apoptosis enhancing effect of CyB, HeLa cells were exposed to UV radiation in the absence or presence of CyB. Immediately after UV exposure, photoreactivation was induced. In accordance with our previous findings, 8 photoreactivation reduced UV-induced apoptosis by around Figure 1 Cytochalasin B induces apoptosis and enhances UV-and CD95-mediated cell death. HeLa cells were left untreated (Co) or preincubated for 1 h with CyB (50 mg/ml), followed by UV irradiation (UV) or stimulation with an agonistic anti-CD95 antibody (CD95-Ab). After incubation at 378C for 16 h, apoptosis was evaluated using a cell death detection ELISA. Apoptosis is reflected by the enrichment of nucleosomes in the cytoplasm, shown on the y axis (mean+S.D. of seven independently performed experiments). *P50.001 vs w/o; **P50.005 vs w/o 50%, while empty liposomes had no effect (Figure 2A ). In addition, the enhancing effect of CyB on UV-induced apoptosis remained the same after photoreactivation. Since removal of cyclobutane thymine dimers did not alter the enhancing effect of CyB, this indicates that CyB augments UV-induced apoptosis independently of DNA damage.
The effect of cytochalasin B on apoptosis is blocked by inhibition of caspase-8
To further characterize the enhancing effect of CyB on UVand CD95-induced apoptosis, we analyzed the involvement of caspases by using caspase inhibitors. As shown in Figure 3 , pretreatment of HeLa cells with the broad-spectrum caspase inhibitor zVAD completely blocked apoptosis induced by CyB ( Figure 3A) , by UV ( Figure 3B ) or by an anti-CD95 antibody ( Figure 3C ). Likewise, the enhancing effect of CyB on UV-and CD95-induced apoptosis was inhibited in the presence of zVAD, indicating the crucial involvement of caspases. The caspase-8 inhibitor zIETD completely suppressed CD95-mediated apoptosis, while UV-induced cell death was only partially inhibited, confirming previous observations. 8 As caspase-8 is critically involved in CD95 signaling, activation of caspase-8 during UV-induced apoptosis appears to be most likely due to the direct triggering of CD95 by UV radiation, 13, 14 while the remaining apoptotic activity is most likely mediated via UV-induced DNA damage in a caspase-8 independent way. 8 zIETD completely blocked the apoptotic effect of CyB as well as the augmenting effect of CyB on CD95-and UV-induced apoptosis. It is important to note that in all three cases, CyB-, UV-and CD95-induced apoptosis, death rates were reduced to the same degree, irrespective of whether the apoptosis rate was enhanced by preincubation with CyB or not. This demonstrates that caspase-8, the most upstream caspase in CD95 triggered apoptosis, is crucially involved in the enhancing effect of CyB on apoptosis. It further indicates that CyB indeed enhances CD95-and UV-induced apoptosis rather than exerting just an additive effect. In contrast, inhibition of the downstream caspase-9 by the specific tetrapeptide zLEHD had almost no effect on CyB-induced apoptosis and only slightly reduced the enhancing effect of CyB on either UV-or CD95-induced apoptosis ( Figure 3 ). Although a moderate reduction of the apoptosis rate could be observed, the degree of increased apoptosis caused by CyB remained the same, indicating that CyB triggers or enhances pathways located in the cytoplasm close to the membrane and upstream within the apoptotic machinery.
Cytochalasin B induces and enhances the cleavage of caspase-3 and Bid and the release of cytochrome c
The data so far indicate that caspase-8 is essentially involved in the apoptosis enhancing effect of CyB. Activated caspase-8 can activate downstream caspases, including caspase-3, either by direct cleavage or indirectly by cleaving Bid and inducing cytochrome c release from the mitochondria. 30 To analyze the effect of CyB on cleavage of caspase-3 and Bid and on cytochrome c release, HeLa cells were either stimulated with CyB alone or prestimulated with CyB followed by exposure to UV radiation or anti-CD95 antibody. Cytoplasmic and mitochondrial protein extracts were obtained and subjected to Western blot analysis as shown in Figure 4 . Exposure of cells to CyB alone results in moderate cleavage of either caspase-3 or Bid and a weak release of cytochrome c from mitochondria into the cytoplasm. Induction of apoptosis by UV radiation or activation of CD95 by an agonistic antibody resulted in a much more pronounced cleavage of caspase-3 and Bid and accordingly caused stronger cytochrome c release. Both UV-and CD95-induced activation of the proapoptotic Bid protein or caspase-3 were clearly enhanced upon pretreatment with CyB. The same was observed for cytochrome c release, since the cytochrome c levels were found enhanced in the cytoplasmic but correspondingly reduced in the mitochondrial extracts ( Figure 4 ). The antibodies used for the detection of either Bid or caspase-3 only recognize the inactive proforms of the respective proteins, so that in both cases cleavage is reflected by fading of the protein band. Decrease of the respective protein bands was not due to differences in protein loading since equal protein levels were detected upon reprobing the membrane with an antibody directed against a-tubulin. Taken together, the data indicate that caspase-8 dependent cleavage of Bid and caspase-3 is enhanced by CyB, thereby augmenting the mitochondrial and the cytoplasmic apoptosis pathways triggered by UV and activation of CD95.
Cytochalasin B does not modulate FLIP expression
It has been demonstrated that CD95-mediated apoptosis can be modulated at the level of caspase-8 by c-FLIP (FLICE inhibitory protein) 31 which is an endogenous inhibitor of caspase-8. 32 Since the balance between the expression levels of c-FLIP and caspase-8 may determine the sensitivity of a cell to a CD95-mediated killing, we studied whether CyB enhances apoptosis by downregulating FLIP expression. HeLa cells were either stimulated with CyB alone or prestimulated with CyB followed by exposure to UV radiation or anti-CD95 antibody. Cytoplasmic protein extracts were subjected to Western blot analysis using an antibody directed against c-FLIP ( Figure 5 ). CyB neither alone nor in combination with UV radiation or the anti-CD95 antibody was able to downregulate FLIP expression at significant levels.
Cytochalasin B induces clustering of CD95 and enhances clustering induced by UV radiation and anti-CD95 antibodies
A critical event during the activation of CD95 either by UV radiation, by its ligand or agonistic antibodies is the induction of receptor clustering as demonstrated by confocal laser scanning microscopy. 13, 14 Although the mechanism underlying receptor clustering is poorly understood, 15 CD95 clustering appears to be functionally relevant since inhibition of clustering by exposing cells to UV radiation at low temperature (4 ± 108C) attenuates this UV response. 8, 13, 16 Since, as demonstrated in Figure 3 , apoptosis induced by CyB is critically dependent on caspase-8, the proximal caspase in the death-inducing signaling complex of CD95, we were interested in studying whether disruption of the cytoskeleton by CyB correlates with clustering of CD95 and/or enhances CD95 clustering induced by UV or anti-CD95-antibody treatment.
To address this issue, HeLa cells were exposed to CyB alone, to UV radiation or to the agonistic anti-CD95 Figure 4 CyB causes cleavage of caspase-3 and followed by release of cytochrome c. Cells were left untreated, incubated with CyB, UV-irradiated in the absence or presence of CyB for 1 h, or treated with an agonistic anti-CD95 antibody in the absence or presence of CyB for 1 h. After 16 h, cytoplasmic protein extracts were subjected to Western blot analysis using antibodies directed against caspase-3, Bid, or cytochrome c. In addition, mitochondrial protein extracts were obtained and blotted with an antibody directed against cytochrome c. Equal loading was monitored with an antibody directed against a-tubulin Figure 5 CyB does not modulate FLIP expression. Cells were left untreated, incubated with CyB, UV-irradiated in the absence or presence of CyB for 1 h, or treated with an agonistic anti-CD95 antibody in the absence or presence of CyB for 1 h. After 16 h, cytoplasmic protein extracts were subjected to Western blot analysis using an antibody directed against FLIP. Equal loading was monitored with an antibody directed against a-tubulin
Cell Death and Differentiation
Apoptosis by cytoskeletal disruption involves CD95 D Kulms et al antibody in the absence or presence of CyB. Two hours later cells were double-stained with a FITC-conjugated antibody directed against CD95 and with TRITC-conjugated phalloidin and analyzed by confocal laser scanning microscopy. As shown in Figure 6 , unstimulated cells (Co) revealed a filamentous actin skeleton and a diffuse Figure 6 CyB causes disruption of the filamentous actin cytoskeleton and induces clustering of CD95. HeLa cells were left untreated or stimulated with CyB for 1 h. Thereafter, cells were either left untreated or exposed to UV radiation (400 J/m 2 ) or to an agonistic anti-CD95 antibody. CD95 receptor staining was performed 2 h later using an antibody directed against CD95 (murine anti-human IgG) followed by incubation with an FITC-conjugated secondary rat-anti-mouse IgG (left column). Subsequently, actin was stained with TRITC-labeled phalloidin (mid column). Fluorescence was detected by confocal laser scanning microscopy. The images shown represent an object area of 64664 mm This suggests that aggregation of nonfilamentous actin after disruption by CyB coincides with clustering of the cell surface death receptor CD95, which thereby might trigger the intracellular apoptotic signal. Stimulation of cells with UV radiation or the anti-CD95 antibody alone resulted in a moderate rearrangement of the intracellular actin skeleton after 2 h. The highly polymerized actin filaments of the control cells exhibited a more diffuse appearance. Furthermore, slight actin aggregation at the cell periphery could be observed. At the same time points, CD95 clustering was detected after UV irradiation as well as after stimulation with the anti-CD95-antibody. This suggests that translocation of intracellular actin might be a prerequisite for the clustering of the cell surface bound death receptor CD95, thereby inducing the apoptotic pathway. While UV-induced clustering of CD95 seems to be rather random, evidenced by a more spotty distribution of CD95 clusters, activation of CD95 by the agonistic antibody seems to follow a more organized pattern, as indicated by a circular arrangement of CD95 clusters on the cell surface. In both cases of UV-or anti-CD95 antibodyinduced apoptosis, pretreatment with CyB enhanced death receptor aggregation (UV+CyB, CD95-Ab+CyB). Again, CD95 clusters colocalized mostly with disrupted actin filaments, as shown in overlay analysis. Taken together, these observations support the hypothesis that CyB may (i) induce CD95 clustering, (ii) facilitate CD95 clustering induced either by UV radiation or by the agonistic anti-CD95-antibody and (iii) that receptor clustering may be closely connected to actin rearrangement.
Transfection of cells with a FADD-dominant negative mutant prevents apoptosis induced by CyB
If, as suggested by the data presented above, CyB induces and enhances apoptosis by triggering the CD95 receptor, the effect should be prevented, or at least reduced, if the CD95 signaling pathway was to be disrupted. Therefore, HeLa cells were transiently transfected with the FADD dominant negative mutant construct pcDNA3-FADD-DN or with the empty vector pcDNA3. Cells were exposed to UV radiation or to the anti-CD95 antibody either in the absence or presence of CyB 24 h after transfection, and apoptosis was measured using the cell death detection ELISA ( Figure 7A ). Transient transfection with the FADD-DN mutant construct protected HeLa cells from CyB-induced apoptosis. Both UV-and anti-CD95 antibody-induced apoptosis were also significantly reduced in FADD-DN transfected cells. Accordingly, the enhancing effect of CyB on UV-and CD95-induced cell death was lost upon transfection with the FADD-DN construct, underlining the involvement of CD95 activation in CyB enhanced apoptosis.
The DNA fragmentation data were also confirmed in Western blot analysis by determining cleavage of Bid and caspase-3 ( Figure 7B 
The effect of CyB is reduced in cells lacking CD95
To corroborate the essential role of CD95 in CyB-induced apoptosis, epidermal cells from mice lacking CD95 (lpr-C3H) were used. 33 Compared to epidermal cells from wild-type mice, cells from lpr mice were much less susceptible to the induction of apoptosis by CyB (Figure 8 ). In addition, the enhancing effect of CyB on apoptosis induced either by UV radiation or by recombinant murine CD95L was remarkably suppressed in cells lacking CD95. 1 and 2) or the pcDNA3-FADD-DN construct (lanes 3 and 4) were analyzed on 12% SDS ± PAGE. Samples run in lanes 2 and 4 were incubated with CyB for 1 h prior to the above indicated stimulation for 16 h. Western blot analysis was performed by reprobing the same membrane with antibodies against caspase-3 or Bid. Equal loading was monitored with an antibody directed against atubulin. *P50.001 vs CMV; **P50.01 vs CMV These findings strongly support the hypothesis that disruption of the actin cytoskeleton by CyB causes random death receptor clustering, thereby triggering apoptosis. Enhancement of UV-and anti-CD95 antibody/CD95L-triggered apoptosis by CyB results from intensified death receptor clustering following the same mechanism. Death receptor clustering induced or augmented by CyB appears to be functionally relevant, since disruption of the death receptor signaling pathway is associated with a loss of the apoptosis inducing/enhancing effect of CyB.
Discussion
Activation of the CD95 receptor either by UV radiation or by the cognate ligand, CD95L, or by agonistic antibodies is associated with receptor clustering. 13, 14 Receptor clustering is functionally relevant since inhibition coincides with reduced apoptosis. 8, 13, 16 The underlying mechanism, however, still remains to be determined.
There is increasing evidence that receptor clustering is dependent on an interaction between the plasma membrane and the cytoskeleton. 17 Changes in the flexibility of cell surface structure may be involved in the phenomenon of receptor clustering. Since actin is a cytoskeletal protein which is in the continual process of rapid polymerization and depolymerization in order to allow the morphological plasticity of living cells, 22 we were interested in what impact the disruption of the actin cytoskeleton might have on UVinduced apoptosis, and whether death receptor clustering is affected. To disrupt the actin cytoskeleton, we used cytochalasins, fungal metabolites which block actin polymerization and thereby disturb existing actin filaments. 34 The experiments presented in this paper were performed with cytochalasin B (CyB), although similar observations were obtained when using cytochalasin D (data not shown). In contrast, treatment of cells with phalloidin which stabilizes polymerized actin filaments did not affect apoptosis (data not shown).
Since treatment of particular cells with cytochalasins by itself induces apoptosis 25 ± 27 we utilized a concentration of CyB in the lower range. In fact, application of 50 mg/ml CyB induced only moderate apoptosis in HeLa cells. Suria et al. observed that cytoskeletal disruption by cytochalasin causes apoptosis by mechanism that requires ICE-like and caspase-3 protease activities. 26 Thus, the authors proposed that cytoskeletal disruption may cause the release and activation of caspase effector molecules or their activators from a storage compartment which ultimately leads to apoptotic cell death. In the present study, CyB-induced apoptosis was blockable by adding the caspase-8 inhibitor zIETD. Since caspase-8 is the enzyme farthest upstream in the CD95 signaling pathway and is also the crucial protease involved in CD95 signaling, 35 this indicates that CyB might induce apoptosis in HeLa cells via activation of CD95.
Alternatively, CyB could cleave and thereby activate caspase-8 directly and independently of CD95. This appears unlikely since interruption of CD95 signaling by overexpressing a FADD-DN mutant was associated with a failure of CyB to induce apoptosis, suggesting that CyB causes apoptosis indeed via activation of CD95. These findings were further strengthened by the observation that the effect of CyB was suppressed in epidermal cells obtained from lpr mice which lack CD95. If CyB would activate alternative pathways than CD95 clustering CyB would also have enhanced apoptosis in cells from CD95 lacking lpr mice. Accordingly, confocal laser scanning microscopy revealed clustering of the CD95 receptor upon exposure to CyB. In this setting, it is unlikely that CD95 is activated by autocrine release of CD95L induced by CyB, since addition of an antibody neutralizing CD95L did not inhibit CyB-mediated apoptosis (data not shown). Moreover, the clustering phenomenon is not due to increased surface expression of CD95 induced by CyB as determined by FACS analysis (data not shown). Therefore, we conclude that disruption of the actin cytoskeleton by CyB activates the CD95 receptor and thereby induces apoptosis. This demonstrates for the first time that CD95 cannot only be triggered by external stimuli but also by intracellular alterations, like disruption of the cytoskeleton.
Furthermore, exposure of HeLa cells to CyB for 1 h before UV irradiation resulted in an increased death rate. Since UVinduced apoptosis is driven by two major pathways, DNA damage and death receptor activation, we were interested in clarifying with which of the two pathways CyB might interfere. Accelerated removal of UV-mediated DNA lesions by inducing DNA repair via addition of the repair enzyme photolyase on the one hand caused reduction of cell death, as reported previously, 8, 11 but on the other hand did not alter the enhancing effect of CyB. This indicates that CyB enhances UV-mediated apoptosis independently of DNA damage. This is also supported by the observation that cell death caused by cisplatin which induces apoptosis preferentially by inducing DNA damage and not by affecting death receptors 8, 36 was not enhanced by CyB (data not shown). The second major pathway utilized by UV radiation to induce apoptosis besides causing DNA damage is activation of membrane bound cell death receptors such as UV or with recombinant murine CD95L (0.1 mg/ml). Apoptotic cell death was evaluated 16 h later using a cell death detection ELISA. The enrichment factor was used as a parameter of apoptosis and is given as the mean+S.D. of three independently performed experiments. *P50.01 vs C3H (CyB), n.s. vs lpr (Co); **P50.01 vs C3H (UV+CyB); ***P50.001 vs C3H (CD95L+CyB)
CD95
. 8, 13, 14 Activation of CD95 by either UV radiation or by an agonistic anti-CD95 antibody results in recruitment of the adaptor protein FADD followed by activation of the most upstream located caspase-8. Consequently, caspase-8 leads to cleavage of the downstream caspase-3 on the one hand and to cleavage of Bid, which causes mitochondrial cytochrome c release, on the other hand. 30 Both of these membrane triggered pathways could be activated by CyB alone and were significantly enhanced after addition of CyB to either UV irradiation or application of the anti-CD95 antibody. Furthermore, the enhancing effect of CyB on UVor CD95-induced apoptosis was completely lost when CD95 signaling was interrupted either by addition of the caspase-8 inhibitor zIETD or by transfection of cells with a FADD-DN mutant. CyB alone or in combination with either UV irradiation or stimulation with CD95L was not able to induce or enhance apoptosis in epidermal mouse cells lacking the CD95 receptor (lpr), supporting the concept that CyB exerts its apoptotic effect through random clustering of cell surface death receptors.
UV radiation also induces clustering of the tumor necrosis factor receptor-1 36 and of the TRAIL receptors 1 and 2 (own unpublished observations). Therefore, it is highly likely that CyB does not only activate CD95 but also tumor necrosis factor receptor-1 and the TRAIL receptors. This may also be the reason why keratinocytes from lpr mice were strongly but not completely protected from the effect of CyB. Consequently, the findings presented in this study may not be confined to CD95 but may also apply for other death receptors.
Accordingly, increased clustering of the CD95 receptor following combined treatment with UV radiation and CyB was observed with confocal laser scanning microscopy. Overlay analysis localized CyB-induced CD95 clusters close to the same spots where maximum actin aggregation was observed. The fact that aggregation of nonfilamentous actin after disruption by CyB coincides with clustering of the cell surface death receptor CD95 suggests a link between CD95 and the actin cytoskeleton and that death receptor clustering may be related to cytoskeletal rearrangement. This is also supported by the observation that cells exposed to UV radiation did not only reveal CD95 receptor clustering but also slight actin aggregation ( Figure 6 ). This phenomenon became even more obvious after incubation of cells with the agonistic anti-CD95 antibody. The molecular mechanism by which disruption of the cytoskeleton favors death receptor clustering still remains unclear.
Parlato et al recently demonstrated a linkage of CD95 to the actin cytoskeleton in human T lymphocytes.
17 CD95 susceptibility was associated with a constitutive polarized CD95 expression through an ezrin mediated association with the actin cytoskeleton. Treatment of T lymphocytes with ezrin anti-sense oligonucleotides or disruption of the cytoskeleton by cytochalasin D prevented CD95-mediated apoptosis. UVmediated cell death was not affected by treatment with cytochalasin D, thus being in contrast to our findings. However, it is important to note that cytochalasin D was used in a concentration (0.5 mg/ml) which by itself causes morphologic alterations but not apoptosis. In addition, Parlato et al 17 used lymphocytes, a cell type with strong migratory abilities with an increased turnover of actin filaments, while our studies were performed with HeLa cells which are less migratory. We selected an epithelial cell line for our studies, since UV-induced apoptosis is a phenomenon which in vivo almost exclusively occurs in the epidermis and thus is generally more relevant for epithelial cells. Detachment from the extracellular matrix components may trigger apoptotic cell death as demonstrated for epithelial and endothelial cells. 37, 38 This type of apoptosis has been renamed anoikis. 39 Anoikis results from activation of the CD95 pathway by upregulation of CD95L and by downregulation of FLIP. 37 Although disruption of the actin cytoskeleton may induce detachment from extracellular components, differences appear to exist since treatment of HeLa cells with CyB was neither associated with an upregulation of CD95L nor with a downmodulation of FLIP.
Taken together, the present findings demonstrate that disruption of the cytoskeleton in epithelial cells causes apoptosis via activation of the death receptor CD95, indicating that death receptors can also be triggered from inside of the cell. External trimerisation of CD95 by either an anti-CD95 antibody or UV radiation results in moderate intracellular rearrangement of cytoskeletal actin filaments, indicating a functional connection between cell death receptor clustering and actin aggregation in the cell periphery under normal apoptotic conditions. Furthermore, induction of an intracellular cytoskeletal disruption by CyB also results in cell peripheral aggregation of depolimerized actin coinciding with cell death receptor clustering in the absence of an external apoptotic stimulus. Accordingly, combination of either one of the external stimuli, i.e. either UV radiation or anti-CD95 antibody, with intracellular rearrangement of actin cytoskeleton induced by CyB causes death receptor clustering in an additive way, thereby enhancing apoptosis. Thus, it may be speculated that rearrangement of the cytoskeletal actin filaments forms the basis for cell death receptor clustering.
UV-induced apoptosis is regarded as a protective phenomenon to eliminate DNA-damaged cells which are predisposed to malignant transformation. 40 Thus, dysregulation of UV-mediated cell death would be expected to confer an increased risk of UV-induced skin cancer. Greater understanding of the underlying control mechanisms will allow clarification of the complex pathways which are intertwined in the generation of apoptotic cells following solar/UV exposure. By demonstrating that alterations of the cytoskeleton trigger death receptors and that this may influence UV-induced apoptosis, the present study identifies an additional pathway involved in the complex process of UV-induced apoptosis.
Materials and Methods
Cells and reagents
The human epithelial carcinoma cell line HeLa (American Tissue Culture Collection, Rockville, MD, USA) was cultured in RPMI 1640 with 10% FCS. Before stimulation cells were kept in serum free medium for 24 h. Cells were exposed to UV radiation through
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Apoptosis by cytoskeletal disruption involves CD95 D Kulms et al colourless medium without FCS. For UV irradiation a bank of six TL12 fluorescent bulbs (Philips, Eindhoven, The Netherlands) was used which emit most of their energy within the UVB range (290 ± 320 nm) with an emission peak at 313 nm. Throughout this study a dose of 400 J/m 2 was used. Control cells were subjected to the identical procedure without being exposed to UV radiation.
Epidermal cells from ears of CD95 deficient (lpr-C3H/HeN) 33 or wild-type mice (C3H/HeN) were prepared as described previously. 41 Briefly, ears were separated, incubated in PBS containing 0.25% trypsine at 378C for 1.5 h and single cell suspensions were obtained.
Disruption of filamentous actin of the cytoskeleton was induced with 50 mg/ml cytochalasin B (Sigma Corp., St. Louis, MO, USA). Activation of caspases was blocked using the specific oligopeptides (20 mM each) z-Val-Ala-Asp-CH 2 (z-VAD) for ICE proteases, z-Ile-GluThr-Asp-CH 2 F (z-IETD) for caspase-8, or z-Leu-Glu-His-Asp-CH 2 F (z-LEHD) for caspase-9 (all Enzyme Systems Products, Livermore, CA, USA). To induce CD95-mediated apoptosis, an agonistic mouse IgM antibody directed against human CD95 (CH-11, Immunotech, Luminy, France) was added to the cell medium at a final concentration of 1 mg/ ml. Recombinant murine CD95L was obtained from Alexis (San Diego, CA, USA). The plasmid allowing overexpression of a FADD dominant negative mutant (pcDNA3-FADD-DN) was kindly provided by V Dixit (Genentech, San Francisco, CA, USA).
Induction of DNA repair via photoreactivation
Exogenous induction of DNA repair via photoreactivation was performed as described previously in detail. 8 Briefly, photolyase was encapsulated into liposomes (Photosomes 1 , AGI Dermatics, Freeport, NY, USA) at a concentration of 1.2 mg/ml. 42 Liposomes consisted of the lipids egg phosphatidylcholine, egg phosphatidyl trans-ethanolamine, oleic acid and the membrane stabilizer cholesterol hemisuccinate. Empty liposomes were used as negative controls, referred to as liposomes. For photoreactivation, HeLa cells were irradiated as described above and either photosomes or liposomes (40 ml/ml each) were added. Cells were incubated at 378C for 1 h in the dark followed by illumination with photoreactivating light. As a light source for photoreactivating light, UVA fluorescent bulbs (TL09, Philips) filtered through a 6 mm glass plate with peak emission at 365 nm were used. Cells were exposed for 20 min which corresponds to a photoreactivating light fluence of 12 kJ/m 2 . After photoreactivation, cells were supplemented with normal RPMI containing 10% FCS and incubated for 16 h at 378C.
For Southwestern dot±blot analysis, genomic DNA was extracted from cells according to the protocol from Biozym Diagnostic (Hessisch Oldendorf, Germany) 1 h after stimulation and DNA damage was detected utilizing an antibody directed against thymine dimers (Kamiya Biomedical, Thousand Oaks, CA, USA) as described previously. 8 
Detection of cell death
Sixteen hours after stimulation cells were detached from dishes, and apoptosis analyzed by a cell death detection ELISA (Boehringer Mannheim, Mannheim, Germany). The enrichment of mono-and oligonucleosomes released into the cytoplasm of cell lysates is detected by biotinylated anti-histone-and peroxidase-coupled anti-DNA-antibodies and is calculated as follows: absorbance of sample cells/absorbance of control cells. Unless otherwise stated, this factor was used as a parameter of apoptosis and is given as the mean+S.D. of three independently performed experiments. An enrichment factor of 1.0 corresponded approximately to 5±7% of dead cells as determined in parallel by FACS analysis after staining with FITC labeled annexin V (Bender Corp., Vienna, Austria).
Western blot analysis
For total protein extracts, cells were lysed in lysis-buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton-X-100, 1.5 mM MgCl 2 , 1 mM EGTA, 100 mM NaF, 10 mM pyrophosphate, 0.01% NaN 3 and complete TM protease inhibitor cocktail) and were subjected to sonication. Specific cytoplasmic protein extracts revealing mitochondrial cytochrome c release into the cytoplasm were obtained by lysing cells in buffer consisting of 250 mM sucrose, 80 mM KCl and 1 mg/ml digitonin (Sigma) and passing them through a 26 gauge needle eight times. After centrifugation, supernatants were collected, and the protein content measured by BioRad Protein assay kit (BioRad, Hercules, CA, USA). Mitochondrial proteins were extracted utilizing a mitochondrial fractionation kit (Alexis). Thirty mg of the respective cytosolic and 50 mg of the mitochondrial protein samples were subjected to either 12 or 13% SDS ± PAGE, blotted onto nitrocellulose membranes and incubated with antibodies directed against caspase-3 (Dianova, Hamburg, Germany), Bid (R&D Systems Inc., Minneapolis, MN, USA), cytochrome c (Biosource, Nivelles, Belgium) or FLIP (Pharmingen, San Diego, CA, USA). Equal loading was determined by reprobing membranes with an antibody directed against a-tubulin (Calbiochem, San Diego, CA, USA). Signals were detected with an ECL TM -kit (Amersham, Buckinghamshire, UK).
Transfection
HeLa cells ( 1610 7 ) were washed once with PBS and resuspended in 1 ml RPMI medium/2.5% DMSO. Cells were electroporated with 25 mg of each plasmid DNA pcDNA3-FADD-DN or the empty vector pcDNA3-CMV according to the method described by Melkonyan et al. 43 Transfection efficacy of cells cotransfected with a plasmid encoding bgalactosidase (pCMV-bgal; Stratagene, La Jolla, CA, USA) was determined 24 h later by staining cells with X-gal (100 mg/ml) in 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, and 1 mM MgCl 2 in PBS. Transfection efficiency ranged from 30 to 50%.
Confocal laser scanning microscopy
Cells were seeded into tissue culture chambers (Chamber Slide; Nunc, Naperville, IL, USA). After culturing without FCS for 24 h, cells were preincubated with CyB for 1 h followed by either UV irradiation or stimulation with an agonistic antibody against CD95. Control cells were left untreated. Two hours after stimulation impermeated cells were fixed for 30 min in 3.5% formaldehyde in PBS, pH 7.4, incubated for 5 min in 0.1 M glycine and blocked with 1% BSA/50% NGS (Dianova, Hamburg, Germany) for 1 h at room temperature. Subsequently cells were incubated with an antibody directed against CD95 (ZB4, Upstate Biotechnology Inc., Lake Placid, NY, USA) 1 : 20 in 1% BSA for 1 h at room temperature, followed by washing in PBS and incubation with the secondary FITC-labeled goat anti-mouse IgG (DAKO Diagnostica GmbH, Hamburg, Germany) 1 : 10 in 1% BSA for 45 min at room temperature. Thereafter, intracellular actin staining was performed. For this purpose, TRITC-conjugated phalloidin was added for 30 min at room temperature. Phalloidin was dissolved in 1% DMSO at a concentration of 1 mg/ml to enable penetration into impermeated cells. The specimens were analysed with a confocal laser scanning microscope equipped with an argon±krypton laser (Leica TCS Confocal Systems) and a 636 water immersion objective (detailed description of laser scanning microscopy in ref. 44 ). FITC was excited with the 488 nm line and TRITC with the 568 nm line and the preconfigurated filter setup from Leica for FITC and TRITC were used. The cells were x/y scanned in the fluorescence mode with 10 mW laserpower for 2 s. The pinhole was adjusted to collect the fluorescence of an optical section with an equal thickness for all images less than 0.8 mm. Four 5126512 pixel images were averaged to obtain the FITC/TRITC overlays. FITC and TRITC fluorescence intensities are displayed separately in glow overflow pseudocolor images according to the respective intensity scale bars indicated on top (see Figure 6 ).
